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doi: 10.1016/j.bpj.2010.06.038The study of structural and dynamic characteristics of
unfoldedproteins has gained tremendousmomentum in recent
years (1,2). The discovery of intrinsically disordered proteins
in living cells has led to a deeper appreciation for the nontrivial
biological role of unstructured states in substrate binding spec-
ificity, transport, regulation, and disease. Partly or fully disor-
dered proteins under physiologically relevant conditions
constitute ~30% of all eukaryotic proteins (3). The energy-
weighted ensemble character of a protein’s unfolded state at
equilibrium is best described by the term ‘‘statistical coil’’
(4), although ‘‘random coil’’ has historically been more
commonly used. Although the most physiologically relevant
unfolded state is the one populated in vivo at neutral pH,
unfolded states generated in vitro under denaturing conditions
are a more directly accessible alternative. Furthermore, this
state is the starting condition ofmost invitro refolding studies.
Its detailed comprehension is therefore an important gateway
toward a better understanding of both the unfolded ensemble
and the pathways of in vitro protein folding.
The secondary structure distribution of unfolded proteins
has been characterized, in some cases, even at atomic reso-
lution. However, very little is known about its origin. Recent
experimental studies have detected the presence of both
residual secondary structure and specific native and nonna-
tive long-range interactions in the unfolded state (5–7).
There is, however, an urgent need to clarify whether the
residual secondary structure typically detected in the
unfolded ensemble arises from local contacts or is a conse-
quence of long-range interactions (i.e., contacts among resi-
dues far apart in sequence). The two aspects of this issue,which have clear implications for unfolded chain dynamics
and protein folding, are illustrated in Fig. 1 a.
This work tackles the above question by what we consider
a novel approach. In short, the evolution of backbone
secondary structure of the unfolded ensemble is monitored
by NMR at atomic resolution upon comparing unfolded
N-terminal protein fragments of increasing length
(Fig. 1 b). This procedure enables pinpointing the specific
contributions of the C-terminal regions to the residual
secondary structure in the N-terminal portion of the chain.
Sperm whale apomyoglobin (apoMb), a very well-studied
member of the ubiquitous globin fold, was selected as the
target model chain. We found that, overall, most of the
detectable a-helical conformation is populated irrespective
of fragment length. However, specific long-range interac-
tions involving the last (~30) C-terminal residues enhance
the secondary structure content of the N-terminal region.
The acid unfolded (pH 2.3) state of full-length apoMb,
here denoted as (1-153)apoMb, was characterized at atomic
resolution (5) and shown to populate partial helical confor-
mation for the amino acids corresponding to the A, D/E, and
H helices. In addition, paramagnetic spin labeling led to the
identification of long-range interactions involving residues
corresponding to the native A and G-H helices and
medium-range interactions within the A-B-C and G-H
ab
FIGURE 1 (a) General cartoon showing that chain collapse and
the resulting long-range contacts may (image, left) or may not
(image, right) be responsible for the residual secondary struc-
ture often observed in unfolded proteins. (Arrows) Transitions
among different conformations. (b) Scheme illustrating the
chain elongation strategy adopted here.
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FIGURE 2 (a) Ca secondary chemical shifts (SCS) and (b)
differences among the Ca secondary chemical shifts (DCa
SCS) of (1-77), (1-119), and (1-153)apoMb at pH 2.4 and 25C in
5 mM CD3COOH, 5% D2O. Native apoMb helices (solid bars)
are mapped above the graph. (Gray-shaded regions) DCa
SCSs falling within experimental error, assessed from backbone
assignments on two independent samples (see the Supporting
Material).
L38 Biophysical Lettersregions (6,7). Such interactions, due to their transient nature
and to extensive conformational averaging in the unfolded
state, are undetectable by long-range nuclear Overhauser
effects (5).
Here, we focus on unfolded (pH 2.4) 13C-15N-labeled
(1-77), (1-119), and (1-153)apoMb. The (1-77)apoMb frag-
ment lacks long-range interactions involving the G and H
regions whereas (1-119)apoMb lacks contacts involving the
H region. Previous data (8,9) show that all three unfolded
apoMb chains have overall dimensions consistent with
expanded polymers in a good solvent according to Flory’s
scaling law (10) and all three chains fit the definition of
random coil (10,11). Resonance assignments were carried
out by triple-resonance methods, and chemical shift analysis
was performed on the Ca, C0, HN, and N nuclei. The CaNMR
chemical shift deviations from random coil reference values,
denoted as secondary chemical shifts (SCS), are employed as
selective reporters of backbone secondary structure (12).
Fig. 2 a shows that the Ca SCS values for the same residues
in each fragment are mostly independent of chain length.
Therefore, overall, the distribution of residual secondary
structure in the unfolded ensemble does not vary significantly
upon progressive extension of the polypeptide chain from 77
amino acids to full-length protein. However, a more detailed
comparison provided by the difference between Ca
secondary chemical shifts (DCa SCS) among individual
chain lengths (Fig. 2 b) indicates that specific long-range
interactionsmodify the secondary structure of theN-terminal
portion of the chain.
The Ca SCSs for the residues corresponding to the native
A, B, and C helices (i.e., amino acids 3–42) are nearly iden-
tical in (1-77) and (1-119)apoMb (Fig. 2 b). Thus, the helicity
of this portion of the polypeptide does not vary in the pres-
ence and absence of long-range interactions involving the
G region. Such contacts are known to exist in full-length
unfolded apoMb (6,7). However, they cannot be present in
(1-77)apoMb. In essence, either long-range contactsBiophysical Journal 99(5) L37–L39involving the G residues do not affect secondary structure
(in the A-B-C region), or the population experiencing long-
range contacts with G is small and undetectable. The former
scenario is more likely, given that 1), the overall populations
interacting with either G or H regions are similar (3.7 and
3.6%, respectively) (7); and 2), the effect of interactions
with H region is explicitly detectable (see below). However,
caution should be exercised, considering that the estimated
populations (7) do not explicitly take into account the poten-
tial distance-dependence of the long-range contacts.
The slightly negative DCa SCS in the A-B-C region may
reflect some small (i.e., within experimental error) second-
order effects (see the Supporting Material). The carbonyl
carbon SCSs (C0 SCS) are also effective reporters of
secondary structure, particularly in the unfolded state (5).
The trends followed by C0 SCS and DC0 SCS (Fig. 3)
parallel those of Ca SCS (Fig. 2). HN and N SCSs, known
to be less diagnostic of secondary structure, are reported
in the Supporting Material.
The DCa SCS values of residues 74–77 fall far outside the
estimated propagated error (~50.1 ppm) and are consis-
tently positive (Fig. 2 b). We attribute them to end-effects
due to the proximity of (1-77)apoMb’s residues 74–77 to
the C-terminus.
The two lower panels of Fig. 2 b highlight the effect of theH
region, which is the major finding of this work. Clearly, the
C-terminal residues corresponding to the native H helix
ab
FIGURE 3 (a) C0 SCS and (b) DC0 SCS of (1-77), (1-119), and
(1-153)apoMb at pH 2.4 and 25C in 5 mM CD3COOH, 5% D2O.
The native apoMb helices are mapped above the graph.
(Gray-shaded regions) DC0 SCS values’ experimental errors,
determined as described in the legend for Fig. 2.
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cluster, from5 to12%(seeFig. S7 in theSupportingMaterial).
This result demonstrates that specific long-range contacts are
capable of increasing local chain helicity in the unfolded state.
The H-region-dependent enhancement in secondary struc-
ture in the A-B-C region goes hand-in-hand with selective
line-broadening beyond detection in the A region (Fig. S8).
Hence, the observed tertiary contact-driven increase of
secondary structure in the A region appears linked to the
establishment of slow dynamic processes (on the micro-
second-to-millisecond timescale; see also Yao et al. (5)).
Residues in the D, E, and F regions are known not to expe-
rience medium- and long-range interactions with other
portions of the chain (6,7). Despite the absence of such
contacts, Ca SCS reveal the presence of local clusters span-
ning 6–12 residues. Therefore, Flory’s isolated pair hypoth-
esis (10), stating that backbone dihedral angles are
independent on those of the neighboring residues, does not
apply here. Our results agree with the computational predic-
tion of more-extended local backbone biases (13,14) in the
unfolded ensemble, and with the fact that apoMb Ca SCSs
depend on the position of each residue type (see Fig. S9).
The long-range DCa SCS effects observed here may
either be due to small populations of compact species expe-
riencing a large increase in helicity (due to A-B-C to
H contacts) or to a small increase in helical content by rela-
tively larger populations of semicompact species. A combi-
nation of the above effects is also possible.
In summary, this work shows that only specific long-
range interactions between the N-terminal A-B-C clusterand the C-terminal H region lead to detectable increased
helicity in the N-terminal region. Thus, some long-range
interactions lead to enhanced secondary structure. The re-
sulting collapsed species are likely important, as they may
provide preferential kinetic escape routes to the native state,
upon switching to folding conditions.SUPPORTING MATERIAL
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